A passive seismic experiment with 42 short-period stations was setup for 10 months from May 2011 within a 20-30 km radius covering the Tarutung basin and the northern part of the Sarulla graben along the seismically active Sumatran fault (North Sumatra, Indonesia). The objective of the project is to investigate the geothermal setting based on the Vp and Vp/Vs structures and the distribution of seismicity. We recorded 2856 local earthquakes by at least 8 stations which were reduced to 809 events having gap angle less than 180°. The initial earthquake locations were determined using simultaneous inversion for hypocenters and 1D velocity structure followed by 3D tomographic inversion. The resulting seismicity distribution, Vp and Vp/Vs structure reveal systematic differences between the Tarutung basin and the Sarulla graben. The Tarutung pull-apart basin is characterized by a complex structure reflected by a broader distribution of seismicity compared with the very narrow, rather vertical hypocenter distribution in the Sarulla graben, which was formed by fault-perpendicular extension and not by pull-apart tectonics. High Vp/Vs values near to the surface are imaged within the Sarulla graben and northeast of the Tarutung basin. These features are interpreted as fluid bearing sediments with fracturing indicating potentially favorable conditions for geothermal exploitation. The localized fluid flow northeast of Tarutung could be explained by the releasing step-over structure of the pull-apart basin and resulting dilatational stress regime in this part of the basin. Heat sources are assumed to be located at greater depth in association with magmatic activities accompanying the subduction process, and the heat is transported along the Sumatran fault to shallow depth.
Introduction
As Indonesia is one of the countries with the largest geothermal potential, the Indonesian government together with contracted companies developed power plants using geothermal energy in Sibayak and Sarulla (Sumatra), Wayang Windu, Kamojang and Dieng (Java), and Lahendong (Sulawesi), among others. The Center for Geological Resources, the Indonesian governmental agency for geothermal exploration, proposes Tarutung (Fig. 1) as one of several potential target regions for the future extension of geothermal exploration and exploitation. Tarutung is located in northern Sumatra and is characterized by a pull-apart basin structure formed along the Sumatran fault (Bellier and Sébrier, 1994) . Geothermal potential is expected at this site because of geotectonic similarities with the already productive area around the Sarulla basin located approximately 30 km south of Tarutung. Initial exploration activities were undertaken under the guidance of Badan Geologi including magnetotelluric (MT) measurements and geological analysis covering mainly the northern part of the Tarutung basin (e.g. Niasari et al., 2012) .
Since Tarutung and Sarulla are seismically active regions, we make use of these local earthquake sources and apply seismological methods to investigate the geological structure in the geothermal area as have been recently used by some authors (e.g. Foulger, 1982; Chatterjee et al., 1985; Walck, 1988; Toomey and Foulger, 1989; Jousset et al., 2011) . Passive seismic methods provide the Vp and Vp/Vs structure (Poisson's ratio) which is related to lithology and to the characteristics of reservoirs. Seismic properties (Vp and Vp/Vs) of a study area could reflect the properties of rocks, fluid and gas content, and lithology although they are influenced by variations of pressure, temperature, saturation, fluid type, porosity, and pore type in a complex way. Some authors, e. g. Haberland and Rietbrock (2001) and Zucca et al. (1994) , applied attenuation tomography for compressional and shear waves to understand water saturation, pressure, temperature, characteristic of gas, and partial melting. The result of a passive seismic experiment for geothermal exploration could also be used as the base-line for monitoring of the production process.
In this paper, we describe a new passive seismic experiment in the Tarutung area (northern Sumatra, Indonesia) and derive the Vp and Vp/Vs structure and the seismicity distribution using high quality local earthquake data. We investigate the lithology in relation to the seismic properties and compare the results with the previous geophysical studies. A pattern recognition analysis is performed to classify dominant features found within the Vp and Vp/Vs tomography images and to characterize these clusters by their dominant physical properties. Integration of different results such as Vp, Vp/Vs and seismicity distribution finally allows us to develop conceptual models for the Tarutung and Sarulla regions.
Geological, tectonic and geophysical setting
Tarutung and Sarulla are part of the North Tapanuli district which is located along the Sumatran fault further south of the Lake Toba (Fig. 1) . The 1900 km long dextral slip Sumatran fault accommodates a significant amount of the trench-parallel component of the oblique convergence between the Indo-Australian and Eurasian plates (Bellier and Sébrier, 1994; Sieh and Natawidjaja, 2000; McCaffrey, 2009) . The change of rate and direction of the Indo-Australian plate motion causes the right step-over segmentation of the Sumatran fault (Sieh and Natawidjaja, 2000) which is responsible for the presence of the Tarutung pull-apart basin. In more detail, Bellier and Sébrier (1994) suggested that the Tarutung basin was formed when a new branch of the Sumatra fault was developing at the western flank of the Toba caldera as a consequence of a larger step-over of the previous fault system and subsequent formation of the great Toba caldera within this older step-over region. The Sarulla graben located south of Tarutung, on the other hand, is not a typical pull-apart basin, which was formed in a more complex setting. Following Hickman et al. (2004) the asymmetrical architecture of the Sarulla basin is related to the normal extension of the strands along the strike-slip zone. Analyzing local seismicity, Weller et al. (2012) noticed the formation of strike-slip duplexes along the Sumatra Fault.
Another main feature of the Sumatran Fault System is the collocation with the volcanic arc including calderas in direct proximity to the fault. In general, the position of the volcanic arcs correlates with the geometry of the subduction zone (e.g. Tatsumi, 1989) . In subduction zones with oblique convergence, prominent trench-parallel strikeslip fault systems often develop within the magmatic arc. This is for example the case in the South-Chilean subduction zone, where the Liquene-Ofqui Fault Zone accommodates the northward motion of a continental forearc sliver relative to the South-American continent (Cembrano et al., 1996; Lange et al., 2008) , or at the western margin of North America, where the San Andreas Fault System takes up most of the shear component (Teyssier et al., 1995) . In Sumatra, the trench-parallel Sumatra fault is also collocated with arc volcanic centers, however, this might be pure coincidence (Sieh and Natawidjaja, 2000) . Regardless of the causal dependencies of volcanism and fault development it appears reasonable that interrelations between magmatic processes and the tectonic behavior of the fault exist, and they are important for the understanding of the geothermal system. Bellier and Sébrier (1994) located close to the fault line which are Imun, Helatoba, and Dolok Martimbang volcanoes as indicated by the red triangles in Fig. 1 . Along the Sarulla region, some volcanic related activity is observed such as the Namora-I-Langit dome field (northern of Sarulla) and the 9 km-diameter Hopong caldera located on the eastern side of Sarulla graben (Hickman et al., 2004) . Along the Sumatran fault, one half of the hot fluid discharges is associated with the pull-apart basins and the other half is associated with the volcanic activity (Muraoka et al., 2010) . Since there are many volcanoes and calderas close to the pull-apart basins and the graben, both, the basins and the volcanic activity together could play important roles in controlling the geothermal system. Some previous seismological investigations were conducted in northern Sumatra including also the Tarutung area but the focus of these studies was on the larger-scale crustal structure of the Toba region (e. g. Koulakov et al., 2009; Stankiewicz et al., 2010a Stankiewicz et al., , 2010b ) and on the crustal and lithospheric structure of the subducted Investigator Fracture Zone (e.g. Lange et al., 2010) . Seismicity recorded by regional stations is shown in Fig. 1 , where earthquakes at depths shallower than 30 km with magnitudes of up to Mb 6.6 (USGS National Earthquake Information Center, 2012) are plotted as red circles. Using local travel time tomography, Koulakov et al. (2009) found low and high Vp/Vs anomalies along the Tarutung and Sarulla basins. However, for the geothermal exploration purposes, this model was relatively coarsely parameterized both in horizontal and vertical direction and included only three stations around the Tarutung and Sarulla basins. Ambient noise tomography of the Toba region (Stankiewicz et al., 2010a (Stankiewicz et al., , 2010b provided surface wave velocity images derived for distinct periods and corresponding pseudo-depth ranges. Following this investigation the Lake Toba is underlain by low surface wave velocity material most likely associated with remnants of magmatic bodies of the great Toba eruption 75 ka (e.g. Rose and Chesner, 1987) , in agreement with the body wave tomography results of Koulakov et al. (2009) . While Tarutung was partly covered by the network used by Stankiewicz et al. (2010a Stankiewicz et al. ( , 2010b , the station distribution and ray coverage were not dense enough to resolve local features within our study area. Our new microseismic study with a dense network installed over a comparably small area provides structural images of seismic properties and the seismicity distribution, both improving the understanding of the tectonic setting and the geothermal system.
Experiment and data
The temporary network consisted of 42 short period seismic instruments deployed in the Tarutung and Sarulla region from mid of May 2011 to mid of February 2012 (Fig. 1) . We used 40 three component short period (1 Hz) sensors and recorded the signals using the PR6-24 Earth Data Logger (EDL) sampling at 200 sps. After two months we added two more stations equipped with 3 component 4.5 Hz geophones and DSS CUBE data logger (Omnirecs) recording data with 200 sps to improve the coverage south of Tarutung where earthquakes occur frequently in the southernmost part of the Sarulla basin. The network covered the entire district of North Tapanuli along the mega fault between 1.71 N and 2.21 N and 98.79 E to 99.22 E with an average station spacing of around 5 km.
The arrival times of direct P and S waves were detected using the optimized automatic picking routine of Nippress et al. (2010) to speed up the data pre-processing. We then manually revised the picking of the high quality waveforms (waveforms have a clear onset), excluded poor quality data and initially localized the events using HYPO71 (Lee and Valdes, 1985) based on a layered 1D velocity model modified from IASP91 (Kennett and Engdahl, 1991) . The uncertainty of the P-and the S-arrivals are defined by the weighting factors of 0, 1, and 2 corresponding to the estimated picking uncertainty of 0.01 s, 0.05 s, and 0.1 s, respectively.
We recorded 2586 events (Fig. 2a) along the Tarutung and Sarulla basins. However since the southernmost station did not work properly at all times, we had to exclude some more events with azimuthal gap angles larger than 180°, and which occurred at depths greater than 40 km. Another restriction is that we only used the events recorded by at least 8 stations which seems to be a good compromise between a high data quantity (for reasonable model resolution) and required data quality. These constraints reduced the number of data to 809 events (Fig. 2b) containing 13,184 observed P and 5922 S wave arrivals. This forms the catalog of initial hypocenters which is then successively used in the calculation of the minimum 1D model and the relocation of these hypocenters (see below).
Methods of velocity modeling
The P and S wave travel time data were used to develop Vp and Vp/Vs velocity models and to determine the seismicity distribution of local earthquakes. The work flow included (1) the inversion for the so-called minimum-1D-velocity model (Vp and Vp/Vs) and the relocation of hypocenters using the program code velest (Kissling et al., 1994) , and (2) the simultaneous inversion for the 3D tomographic velocity structure (Vp and Vp/Vs) and the earthquake hypocenter using the program code SIMUL2000 (Thurber, 1983; EberhartPhillips, 1990; Evans et al., 1994; Eberhart-Phillips and Michael, 1998) . The quality and uncertainty of the final results are investigated and discussed in the subsequent section.
The hypocenter locations from HYPO71 served as starting values for VELEST (Kissling et al., 1994) , which was applied to relocate the hypocenters and simultaneously determine the 1D velocity model and the station corrections. For the inversion, we defined station X27 as the reference station (indicated by white triangle in Fig. 1 ) as it was located in the middle of the network and recorded the largest number of P and S arrivals. Ray tracing is performed to obtain the predicted travel times based on the initial velocity model. The inversion is then applied to adjust the 1D model, the hypocenter locations, and the station corrections. The forward calculation is re-applied using the new (inverted) velocity model and the new hypocenters, and the calculated and observed travel times are compared to calculate the RMS (root-mean-squared) misfit. This procedure is re-iterated by considering any possible combination of hypocenters, velocity models, and station corrections until the minimum RMS misfit of the solution is achieved. A Vp/Vs ratio of 1.68 used as initial value in the inversion was estimated from a modified Wadati diagram (Fig. 3 ). This value is smaller than the value of 1.77 determined by Weller et al. (2012) for the region South of our study area. On the other hand, Koulakov et al. (2009) obtained Vp/Vs values of 1.62 at 5 km depth for the Toba region including also parts our study area in a coarser model.
We imposed 45 initial 1D Vp models defined at depth nodes in 2 km intervals and determined the velocity for the S-wave using the average Vp/Vs value from the Wadati diagram analysis (see above). After the inversion, all inverted models from various initial models converge to the best global solution indicated by red lines in Fig. 4a The models are best resolved at 4-12 km depth which is consistent with the hypocenter distribution as shown in Fig. 4d . The P-wave station corrections (Fig. 5a) show negative values (red circles) along the Sarulla and Tarutung basins which means that the stations along the basins mostly recorded delayed arrivals relative to the reference station X27. The negative values of the P-wave station corrections indicate the sediment coverage along the basins. Fig. 5b shows that the S-wave station correction is relatively balanced and stations along the Sarulla basin and in the northeast of Tarutung recorded S-wave arrivals later. We have experimented with some various possible sets of initial Vp functions (see Fig. 4 ) but at shallow depth all solutions of the 1D Vp models tend to be lower than 4.5 km/s. To study the 3D velocity structure and relocate the hypocenters more precisely, we applied the well-recognized and commonly used 3D simultaneous inversion code SIMUL2000 (Thurber, 1983; Eberhart-Phillips, 1990; Evans et al., 1994; Eberhart-Phillips and Michael, 1998) . The code allows the inversion for Vp and Vp/Vs instead of inversion for Vp and Vs because typically there are much smaller numbers of S-picks available compared to the number of P-picks thus the resolution of Vs is much lower than for Vp (Eberhart-Phillips, 1990) . Furthermore, the Vp/Vs value and the corresponding Poisson's ratio are very sensitive to lithology, fracture density, and characteristic of fluids or gas which is important for understanding the geothermal system. The predicted ray paths and travel times are calculated using an efficient pseudo-bending technique (Um and Thurber, 1987) , and the residuals between the theoretical and the observed travel times are iteratively calculated using damped least-squares as described in Thurber (1983) . At each iteration, the ray paths, the hypocenters, and the velocity models are updated until a stable solution with a minimum RMS is achieved.
The best models and hypocenter locations obtained from the 1D inversion (VELEST; see above) are used as the initial values for the 3D simultaneous inversion. The area is rotated relative to the main Sumatran Fault, and the center of the region is chosen at 99.0°E and 2.0°N. The x-axis is set perpendicular to the Sumatran fault while the y-axis is set parallel. The region is laterally (in x and y direction) parameterized by 3 × 3 km grid spacing, and by 2 km node spacing in depth direction (Fig. 6 ). The grid nodes spacing is set much coarser in the region outside of the network and deeper than 12 km since most earthquakes are located above this depth.
The damping factors were empirically determined from the so-called trade-off curve between data and model variance (Eberhart-Phillips, 1986) . The appropriate damping values were chosen where the data variance is minimized at a moderate model variance. To determine the damping factor for Vp, a large damping value for Vp/Vs is set fixed and a single-step inversion is conducted for various Vp damping values. After we obtain the appropriate damping value for Vp, we fixed this Vp damping and the similar procedure is performed by varying the Vp/Vs damping values. Regarding the result of this approach and several inversion tests, the appropriate damping factors are 20 for both the Vp and Vp/Vs inversion (Fig. 7) .
Model quality and uncertainty

Resolution matrix and spread function
The resolution of the inversion results is evaluated by the analysis of the model resolution matrix provided by the inversion code, and by evaluation of the spread function which can be calculated from the model resolution matrix following the procedure of Eberhart-Phillips and Michael (1998) . The smearing information of each node provided by the resolution matrix is obtained by examining the relative size and pattern of the off-diagonal elements of the node. The spread function (described in more detail by Toomey and Foulger, 1989) of the corresponding diagonal element within the model resolution matrix, and also for the dependency with neighboring model parameters represented by the pattern of the off-diagonal elements. Fig. 8 shows the spread values and the 70% model resolution matrix (indicated by the white contour lines) for horizontal layers of both the Vp (Fig. 8a-c) and the Vp/Vs models (Fig. 8d-f ) at various depth. The spread values of the Vp and the Vp/Vs models are comparable but the Vp model seems to be slightly better resolved and less smeared as indicated by the smaller spread values of Vp and more focused contour lines. At 0 km depth (Fig. 8a) , the spread function is found patchy and smaller at the nodes close to stations because the rays tend to concentrate there. We found the horizontal smearing is relatively small compared to the vertical ones. At 2 km depth and deeper (Fig. 8b-c) , the model is resolved better but further south (Sarulla region) the model is resolved mainly along the fault which is in accordance with the distribution of stations and the events. Around Tarutung, the model is good resolved within 12 km distances to the left and to the right from the Sumatran fault line. the fault as indicated in Fig. 8 . The model is resolved at depths between 0 km and 10 km, where more smearing occurs in the Vp/Vs model than in the Vp model, especially in regions far from the fault line. The vertical spread values are generally below 3.0 and correlate with the high density of the rays. Due to the localization of the events and the stations along the Sarulla graben, above 3 km depth the model is only resolved along the fault as imaged along the cross-section D (Fig. 9d ). In the Tarutung region, the model is well resolved around 12 km to the left or to the right of the fault and from 1 to 12 km in depth as indicated by the small spread values and small smearing effect along the crosssections A, B, and C (Fig. 9a-c) .
Recovery tests
In order to investigate which kind of anomalies could be reconstructed with our network geometry we carried out recovery tests for two different types of models: (1) checkerboard anomaly patterns and (2) models with characteristic features abstracted from our inversion results. For the first class of tests, the background model is perturbed by anomalies alternating with ±15% against the background Vp and Vp/Vs, respectively. For the synthetic tests, we also re-determined the damping values for Vp and Vp/Vs and obtained almost identical values of damping to the real inversion. The perturbations of ±15% are in agreement with our case study, where at shallow depth our Vp model range is 3.00-4.03 km/s while our Vp/Vs model range is 1.43-1.93. We produced two different types of checkerboards which contains 12 nodes and 8 nodes in each positive and negative anomaly. Positive and negative anomalies are indicated by red and blue colors, respectively. Fig. 10 shows the horizontal view of the checkerboard of the Vp and Vp/Vs models at 2 km depth. The Vp and Vp/Vs models for the checkerboard containing 12 nodes in one anomaly are shown in Fig. 10a and b while Fig. 10c and d shows those for the checkerboard containing 8 nodes in a checker block.
Gaussian noise is added to the calculated travel times of P and S-P with the standard deviation of ±0.1 s in accordance with the uncertainty of our manual picking. The inversion is then conducted for both the Vp and the Vp/Vs with damping factors of 20 for both Vp and Vp/ Vs as obtained from the trade-off curve analysis (Fig. 7) and as also used for the real inversion. In the area containing sufficient crossing rays, the checkerboard is well resolved both for Vp (Fig. 10a and  c) and for Vp/Vs (Fig. 10b and d) . The deeper part of the checkerboard pattern is better resolved but at shallow depth, the checkerboard is reproduced well in the area close to the Sumatran fault since the earthquakes are concentrated along the fault particularly in the Sarulla region.
The checkerboard is also well reproduced in the vertical direction for both the Vp and Vp/Vs models as shown in Fig. 11 . For the larger checker blocks, the vertical structure along the cross-sections A1 and B1 for Vp models are shown in Fig. 11a-b and for Vp/Vs models are shown in Fig. 11c-d . The vertical recovery of the checkerboard for smaller size of anomalies are shown in Fig. 11e-f for Vp, and in Fig. 11g-h for Vp/Vs. The vertical structure of the Vp model is reproduced slightly better than the Vp/Vs as the spread values of Vp is smaller than those of Vp/Vs. The anomalies for both the Vp and Vp/Vs model are resolved at depths above 10 km. In Tarutung, along the cross-section A1 (Fig. 11a, b , e, f) the checkerboards are reproduced well for both the Vp and Vp/Vs for the larger and smaller blocks due to the concentration of the rays within the area. Along the cross-sections A1 (Fig. 11a,b,e,f) , the shallow part of the checkerboard is resolved around 10 km to the left and to the right of the fault line which is consistent with the spread values. In the Sarulla region, the checkerboard above 4 km depth is recovered along the Sumatran fault as represented by the structure along the cross-section B1 (Fig. 11c, d, g, and h ).
The Vp checkerboard anomalies along the fault in Tarutung along the cross-sections A1 (Fig. 11a and e) at depth between 2 and 8 km could be recovered with errors of +− 5%. Recovery errors at shallower depth are within the range of +− 15%. At greater distances from the fault, recovery errors are in the range of +−7% for Vp. The Vp/Vs checkerboard anomalies could be recovered with errors of up to +−10%.
We also designed a synthetic model abstracted from the results of the real data inversion as shown in Fig. 12 (lateral structure) and Fig. 13 (vertical structure) . Anomalies of ± 15% against the background Vp and Vp/Vs model were incorporated similar in shape to the real data inversion results. We assumed a low Vp structure along the Sumatran fault (Fig. 13a-c ) associated with the graben and basins filled by unconsolidated material. We also included an anomaly with reduced velocities in the northeast of Tarutung along the cross-section A and in the southwest of Tarutung along the cross-section B (Fig. 13a-c) . Positive anomalies in Vp/Vs values were assumed in the northeast of Tarutung and along the Sarulla basin (Fig. 13d-f ) based on the real data inversion results.
The inversion of the abstracted model was carried out identical to the checkerboard test and the real data. In general, all anomalies are reproduced well both in horizontal and vertical directions. The anomalies are recovered by the average of 96% in the Tarutung area and 93% in the Sarulla area. The low Vp structure along the fault (Fig. 12a-c) is recovered within the network region which means the low Vp structure might be longer further northwest and southeast but could not be imaged due to the lack of the ray paths. The shallow part of the northeastern structure along the cross-section A appears patchy both in Vp and Vp/Vs because of the moderate spread values near 99.2°E, 2.1°N. The high Vp/Vs anomaly in the northeast of Tarutung is resolved with moderate smearing. The high Vp/Vs anomaly in the Sarulla region is well resolved, with some degradation in recovery quality at shallow depth.
Comparison of the regions of good recovery of the synthetic structures and the distribution of the spread value suggests that nodes with spread values larger than 2 can be considered as well resolved, and spread values between 2.0 and 3.0 are considered to be resolved but with moderate smearing. Well resolved regions include: (1) In Tarutung from cross-sections A to C around 10 km to the left and to the right of the Sumatran fault. However, moderate smearing is present at shallow depth (0 km), (2) Along the Sarulla basin at depth from 2 km. In our anomalies presentation, we only show the well resolved regions with spread values below 3 areas while the areas with less resolution are excluded (clipped). Regions with larger spread values are clipped. In conclusion, we think that in the well resolved regions (as defined above) the uncertainty of the absolute velocities is in the order of +−7% for Vp and better than +−10% for Vp/Vs.
Results and discussion
The resulting Vp and Vp/Vs models together with the distribution of local earthquakes provide detailed insights into the structure of the Sumatran fault system, the geometry of the sedimentary basins evolving in the study area along the fault, and the interplay between the geological structure and the geothermal system to be explored. We discuss the results from the perspective of each parameter (seismicity, Vp and Vp/Vs), followed by an integration of the different results summarized in a conceptual model for the study area.
Seismicity distribution
The distribution of the local earthquakes is in accordance with the geometry of the Sumatran fault as shown in Fig. 6 and is concentrated in the range between 2 km and 11 km depth. The broader distribution of earthquakes around Tarutung indicates the complexity of the fault system within the Tarutung pull-apart basin (see also Fig. 15a ). To the south, the seismicity is strongly focused on the resembling shape of the Sumatran fault. Along the Sarulla region (the southernmost region), the earthquake distribution is an indication for a narrow and very steep fault (almost vertical, Fig. 15d and h) suggesting that there is no vertical segmentation of the fault in this region. Similar results with a narrow steep fault around Sarulla were obtained by Weller et al. (2012) . A recent large earthquake occurred within this fault segment. Noteworthy we excluded a large number of events in the Sarulla region because of a gap angle larger than 180°in order to keep the high accuracy of the hypocenters.
Vp structure
The new results are in agreement with previous tomographic investigations (Koulakov et al., 2009) insights into the local Vp structure based on the denser network used in our recent study. Comparing the larger scale features of our study with the Vp images of Koulakov et al. (2009) , both investigations reveal low velocity regions at shallow depth along the Sumatran fault.
In more detail, we found relatively low Vp values (around 3 km/s) at shallow regions above 2 km depth (Figs. 15 and 16 ). This low Vp at shallow depth reflects the presence of quaternary and Holocene sediments covering the Tarutung and the Sarulla region as also found in other regions along the Sumatran fault (McCarthy and Elders, 1997). More prominent low Vp zones are found along the Sumatran fault associated with the least consolidated sediment fillings within the Tarutung and the Sarulla basins. At depth of 2 km, the pattern of the low velocity zone (Fig. 15a ) coincides with the shape of the Tarutung and the Sarulla basins. The synthetic tests have shown that the given low Vp zone along the fault in the area between the cross-sections B and C is well resolved (Fig. 12b) . Therefore, we conclude that the basin along the fault narrows or even vanishes in the area between 1.93°N, 99.1°E to 1.98°N, 98.99°E (Fig. 14b) indicating that the Tarutung and the Sarulla basins are not connected and have different settings.
The depth of both, the Tarutung and the Sarulla basins is expected at around 2 km as shown by the contour lines of the low Vp of the vertical structure below the fault line along the cross-sections A-D in Fig. 15a-d . An abrupt change in the Vp structure (~4 km/s) at around 4 km depth (Fig. 14c) represents the discontinuity of the uppermost layer of the structure as also indicated by the images of the vertical structure in Fig. 15 .
Vp/Vs structure
The basins imaged by low Vp values (around 3 km/s) show distinct characteristics in the Vp/Vs model. While the northern part of the Sarulla graben exhibits high Vp/Vs values (~1.8), the Tarutung basin is characterized by relatively lower Vp/Vs values (1.6). This kind of distinguishing is not only seen in the tomographic inversion results but also in the input travel time data. In order to test the robustness of this feature, we analyzed P and S-P travel times of stations and local events selected separately from the Tarutung and Sarulla basins which confirmed the difference of both basins as shown by the Vp/Vs average values in the Wadati diagram in Fig. 16 . Typically, porous sedimentary rocks are characterized by higher Vp/Vs values. The increase of Vp/Vs with increasing fluid content is in agreement with the Gassmann theory developed for porous media (Gassmann, 1951) . If such behavior can be taken as a general rule for sediments, we have to assume special geological conditions within the Tarutung basin which are responsible for the lower Vp/Vs values in this region.
Apart from the Tarutung basin and the Sarulla graben, we observe dominantly low Vp/Vs values (~1.6) west and both high and low Vp/Vs values east of the Sumatran fault. The lower Vp/Vs values (~1.6) in the western region could be associated with higher contents of quartz in granitic or andesitic rocks, because quartz is characterized by very low Vp/Vs values (Christensen, 1996) . Indeed geological maps indicate the occurrence of granitic rocks in this area (Nukman and Moeck, submitted for publication). On the eastern side of the main fault the Vp/Vs distribution appears more complex. As a first order feature, however, higher Vp/Vs values (1.75-1.8) are found in the northwestern region close to the Tarutung basin where also lower Vp values (3 km/s) were imaged. This could be an indication for sedimentary rocks influenced by the presence of fluids. Our results are in agreement with Koulakov et al. (2009) who imaged within their coarser tomographic grid a similar high Vp/Vs anomaly at shallow depth east of the Sumatran fault within the Tarutung region.
Joint interpretation of Vp and Vp/Vs for Tarutung and Sarulla
Motivated by the previously mentioned arguments rising from the joint consideration of Vp and Vp/Vs we applied quantitative joint interpretation techniques to study the Vp and Vp/Vs signatures of the Tarutung and the Sarulla basins. The combined consideration of Vp and Vp/Vs in corresponding cross-plots is a well-established approach for the lithological interpretation of seismic velocity models (e.g. Holbrook et al., 1992) . Distinct rock types can be identified in such cross-plots by application of statistical cluster analysis techniques (e.g. Bauer et al. Horizontal slices of the recovered synthetic models at 0, 2, and 6 km depth for Vp in (a), (b), and (c), and for Vp/Vs in (d), (e), and (f). The cross-sections A-D are related to the vertical model described in Fig. 13 . The red and blue contour lines represent the high and low velocity anomalies of the studied synthetic model. make use of alternative clustering techniques which belong to the neural network pattern recognition and classification methods, called selforganizing maps (Kohonen, 2001 ). We applied a self-organizing map work flow developed by Bauer et al. (2008 Bauer et al. ( , 2012 which includes preparation and normalization of data vectors, unsupervised learning, identification of clusters by usage of image processing techniques, and application of the learned knowledge to classify rock types. More details of this method can be found in Bauer et al. (2012) .
We applied the neural network clustering to the tomographic Vp and Vp/Vs images with particular focus on the regions with relatively low P velocities in order to highlight the characteristics of the Tarutung and Sarulla basins (Fig. 17) . Two clusters were found which show a similar Vp range but differences in Vp/Vs (Fig. 17a) . Plotting the members of each cluster with regard to the geographic coordinates reveals that the cluster with lower Vp/Vs (brown colors in Fig. 17 ) corresponds to the Tarutung basin, and the cluster with higher Vp/Vs (pink colors in Fig. 17) is imaged within the Sarulla graben and northeast of the Tarutung basin. In our interpretation we assume that dry sediments within the Tarutung basin are responsible for the lower Vp/Vs cluster while the higher Vp/Vs cluster is associated with the presence of fluids and fracturing both reducing Vs stronger than Vp and, hence, increasing Vp/Vs. In order to explain theses systematic differences we suggest conceptual models for Tarutung and Sarulla as described in the following.
Conceptual models for Tarutung and Sarulla
Based on differences in the seismicity distribution, the Vp and Vp/Vs structure, and geological and tectonic information known from Tarutung and Sarulla, we developed conceptual models for both regions with geothermal potential as shown in Figs. 18 and 19 , respectively. The model for Tarutung covers the upper 12 km and consists of three layers interrupted by the Tarutung basin in the center of the model (Fig. 18) . The subdivision into three layers is mainly based on the Vp structure (Fig. 15a-d) , with P velocities of 3-4 km/s in the upper layer, 4-5 km/s in the middle layer, and 5-6 km/s in the lower layer. We assume that this increase of P velocity with increasing depth is related with the reduction of porosity and also with petrologic differentiation of mainly volcanic rocks. The Tarutung basin in the central part of the model is characterized by the lowest P velocities indicating unconsolidated sedimentary rocks and young Toba tuff (Hickman et al., 2004) deposited within the pull-apart basin. To explain the low Vp/Vs values within the basin we suggest that these sediments are lacking significant amounts of fluids within the pore space. Such an interpretation is also supported by the modeling of low Vp and low Vp/Vs anomalies in porous volcanic rocks described by Husen et al. (2004) . Instead, we assume that hot fluids are transported from greater depth along the deeper Sumatran fault zone into the shallow regions just northeast of the Tarutung basin using more permeable fluid pathways, also in agreement with the higher Vp/Vs values imaged within this part of the model. A possible tectonic explanation for such a fluid flow model could be that releasing right step-overs along right-lateral fault systems, as the Tarutung pull-apart basin, are related with extensional quadrants (Bellier and Sébrier, 1994) , in our case northeast of the Tarutung basin. This is exactly the region where we observe the cluster of high Vp/Vs (pink colors in Fig. 17b ), which we interpret as fluid bearing sediments with fracturing. Dilatational elements were also found by the structural geology investigations of Nukman and Moeck (submitted for publication) in this region. This interpretation is also supported by the occurrence of the big hot springs of Panabungan, Hutabarat, and Siriaria located northeast of the Tarutung basin.
The model along the Sarulla basin also consists of three main layers forming the background structure for the shallow graben located in the center (Fig. 19) . Again we assume porosity changes and petrologic differentiation of mainly abundant volcanic rocks responsible for the vertical structuring of the background model. The Sarulla graben appears to reflect a simpler fault structure compared with the more complex Tarutung pull-apart basin. The Sarulla graben has been formed by the extension nearly perpendicular to the strike of the weak wrench fault (Hickman et al., 2004) . A shallow zone of low Vp is directly linked with the rather narrow, vertically oriented distribution of earthquakes at greater depth, also in agreement with seismicity investigations of Weller et al. (2012) . High Vp/Vs values are imaged both at the shallow parts of the graben and at greater seismogenic depths. We conclude that fluid flow occurs along the entire fault system transporting heat from greater depth to the surface. This interpretation is also expressed in the description of the pink colored cluster in Fig. 17a as fluid bearing sediments with fracturing imaged along the Sarulla graben in Fig. 17b . For both models (Figs. 18 and 19 ) the heat source is assumed to be located at much greater depth related with magmatic activities triggered by the subduction process, and the heat is transported along the permeable Sumatran fault to the shallow regions of the Tarutung and Sarulla basins. We assume that the high permeability is related with a wider damage zone and fractured regions developing during strike slip tectonics around a temporary impermeable gauge zone.
Conclusions
Seismological measurements for tomographic investigations using a dense network were conducted for geothermal exploration at a scale between micro and local seismicity which is new for Indonesia to our knowledge. High quality data could be collected and allowed us to resolve detailed features of Vp and Vp/Vs around the Tarutung basin and Sarulla graben. We found systematic differences between both basins evolving along the Sumatran fault. Tarutung is a pull-apart basin formed by a releasing step-over (Bellier and Sébrier, 1994) . As a consequence, the region northeast of Tarutung is influenced by a dominantly dilatational stress regime (Nukman and Moeck, submitted for publication) which in our interpretation supports focussing of fluid transport from greater depth into this area. High fluid content and fracturing in this part of the Tarutung region is reflected by high Vp/Vs values in the tomography model. Along the Sarulla graben we imaged a less complex fault structure which shows high Vp/Vs values within a narrow fault zone both at greater depth and also in the shallow part above the near-vertical seismogenic region. We infer that fluids and heat are transported along the permeable Sumatran fault within this narrow structure directly to the surface. Similar observations of localized high Vp/Vs anomalies and their interpretation as fluid-rich regions were also reported from the San Andreas fault system (e.g. Thurber et al. (1997) . As a main result of our study we conclude that high Vp/Vs regions can be imaged at high resolution and that they potentially indicate regions of high fluid content and fracturing as one possible explanation. In combination with other methods, such as magnetotellurics and structural geology, this can be used to constrain potential areas for geothermal exploitation. Future steps to be applied to our high quality data set will include high resolution studies of seismicity including fault plane solution, attenuation tomography, and ambient noise analysis. The results will then allow us to further constrain the conceptual models developed in this paper.
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